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(57) ABSTRACT 

A system and method autonomically reallocate memory 
among buffer pools to permit quick access to data. A 
simulated buffer pool extension (SBPX) is created for each 
buffer pool in a set of buffer pools. Data victimized from a 

buffer pool is represented in the associated SBPX. Requests 
for data that is not resident in a buffer pool but is represented 
in the associated SBPX are tallied. Periodically, an expected 
ef?ciency bene?t of increasing the capacity of each buffer 
pool is determined from the tallies. Memory is reallocated 
from the buffer pool With the loWest expected ef?ciency 
bene?t having remaining reallocatable memory to the buffer 
pool With the highest expected ef?ciency bene?t having 
remaining reallocatable memory, until either one or both of 
the buffer pools exhausts its reallocatable memory. This 
process is repeated until all reallocatable memory has been 
reallocated, until only one buffer pool With reallocatable 
memory remains, or until all buffer pools With remaining 
reallocatable memory have substantially the same expected 
ef?ciency bene?t. 
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PRIORITY CLAIM 

[0001] The present application claims the priority of Cana 
dian patent application, Serial No. 2,408,481, titled “Auto 
nomic Reallocation of Memory Among Buffer Pools,” ?led 
on Oct. 17, 2002, and Which is incorporated herein by 
reference. 

FIELD OF THE INVENTION 

[0002] The present invention generally relates to computer 
memory management, and it more speci?cally relates to a 
system and associated method for autonomically reallocat 
ing computer memory among buffer pools. 

BACKGROUND OF THE INVENTION 

[0003] Data processing systems, such as database man 
agement systems (DBMSs) commonly operate With multiple 
buffer pools. Buffer pools are data caches located in volatile 
memory that are primarily used to store recently accessed 
data. The purpose of a buffer pool is to permit application 
data of immediate importance to be quickly accessed by an 
application from volatile memory, and thereby limit the need 
to load such data from secondary storage (e.g., a disk or tape 
drive). There is a disadvantage for incurring associated 
physical I/O delays of secondary storage. Since accesses to 
volatile memory can be several orders of magnitude faster 
than accesses to secondary storage, signi?cant ef?ciency 
gains (such as increased speed of program execution) may 
be achieved through the use of buffer pools. 

[0004] Data stored in a buffer pool is typically stored in the 
form of memory pages. As knoWn by those skilled in the art, 
a memory page is essentially a contiguous block of data as 
it appears in secondary storage. In most cases, a memory 
page may include a “header” portion that uniquely identi?es 
the memory page and may include a data portion that may 
provide application data. The data portion is typically sub 
stantially larger than the header portion. 

[0005] A buffer pool may have sufficient storage capacity 
to store thousands or even millions of memory pages, With 
the number of memory pages per buffer pool being con?g 
ured by the user. To manage these memory pages, a number 
of data structures are typically maintained. For example, a 
hash bucket list may be maintained to support ef?cient 
storage of, and access to, memory pages Within the buffer 
pool. 

[0006] In addition, data structures relating to an operative 
buffer pool memory page victimiZation scheme may be 
maintained. Memory page “victimization” (or “eviction”) 
refers to the removal of a memory page from a buffer pool 
to provide space for an incoming page, as may be necessary 
upon the occurrence of a memory page miss (that is, a 
request for a memory page that is not presently in the buffer 
pool) When the buffer pool is ?lled to capacity. 

[0007] The purpose of knoWn victimiZation schemes is 
usually to evict the memory page that is least likely to 
require reloading into the buffer pool in the future so that 
future secondary storage physical I/O delays may be mini 
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miZed. This goal is, of course, difficult to achieve as it entails 
some degree of prediction of future events that may or may 
not prove to be accurate. 

[0008] An example of a victimiZation scheme is the Least 
Recently Used (LRU) approach, in Which memory pages 
that have been used least recently are targeted for victim 
iZation from the buffer pool in the expectation that pages 
Which have not recently been accessed are least likely to be 
accessed in the future. In that scheme, an LRU linked list 
data structure is often maintained for the purpose of orga 
niZing the memory pages in chronological order of most 
recent use. 

[0009] When a database utiliZes multiple buffer pools, the 
siZe of each buffer pool may be independently adjustable to 
permit the pools to be adapted to various applications or data 
objects. For example, it may be desirable to increase the siZe 
of one or more buffer pools used in conjunction With an 
application that cyclically accesses a ?nite set of memory 
pages (e.g., due to a programming loop). 

[0010] This Will ensure that the buffer pool is suf?ciently 
large to be able to contain all of the memory pages accessed 
during the loop or cycle and may avoid the need to repeat 
edly load the same memory pages into the buffer pool. 
Alternatively, if the application scans large data sets in a 
single pass, the use of a large buffer pool may not be 
Warranted as even a large siZe may not preclude a signi?cant 
number of memory page misses. Buffer pool siZes may also 
be dictated more generally by competing performance and 
cost concerns. On one hand, large buffer pools may be 
advantageous in that the frequency of memory page misses 
may be reduced. On the other hand, smaller buffer pools may 
be less expensive to implement and may have a higher 
degree of utiliZation than a large buffer pool. 

[0011] One knoWn method of buffer pool siZe selection is 
based on a simulation or modeling of the associated appli 
cation’s anticipated memory page access patterns; this simu 
lation is performed prior to run time. In a typical simulation, 
statistical methods are used to project memory access pat 
terns based on the nature of the application to be executed 
and the anticipated system load. Memory is then allocated to 
the buffer pools prior to run-time on the basis of the 
projected patterns, With a vieW to minimiZing the number of 
accesses to secondary storage. 

[0012] An intrinsic ?aW of such knoWn methods of buffer 
pool memory allocation is the fact that actual application 
behavior may differ from projected behavior due to unfore 
seen events, such as variable system loads, netWork delays, 
unanticipated user behavior or changes in the Workload 
behavior. When unforeseen events occur, the assumptions 
underlying a particular buffer pool memory allocation may 
be invalidated. In addition, the performance of the data 
processing system may disadvantageously suffer because 
the chosen buffer pool siZes may prove to be ill suited for the 
data access patterns that actually occur. Moreover, adjust 
ment of buffer pool siZes may necessitate suspension or 
termination of the executing application. 

[0013] At least one dynamic memory reallocation scheme 
has been proposed, according to Which a database system 
has multiple buffer pools With a ?xed cumulative capacity in 
Which the user speci?es a random access response time goal 
for each buffer pool prior to run time. 
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[0014] In operation, the buffer pool sizes are automatically 
expanded or contracted based on the database Workload to 
achieve the response time goals, With the cumulative capac 
ity of the buffer pools remaining constant. Disadvanta 
geously, this approach still requires the user to “set” the 
desired response times prior to run time. If unforeseen 
system events occur during operation that cause the system’s 
processor to be loaded in an unanticipated Way, the response 
times set by the user may not actually be representative of 
desirable or achievable thresholds and system ef?ciency 
may suffer. 

[0015] What is therefore needed is a solution that 
addresses, at least in part, the above-noted dif?culties in 
allocating or reallocating computer memory among buffer 
pools to maximiZe response time and system ef?ciency. The 
need for such a system has heretofore remained unsatis?ed. 

SUMMARY OF THE INVENTION 

[0016] The present invention satis?es this need, and pre 
sents a system, a computer program product, and an asso 
ciated method (collectively referred to herein as “the sys 
tem” or “the present system”) for autonomically reallocating 
computer memory among multiple buffer pools capable of 
storing data (e.g., memory pages). 

[0017] In accordance With the autonomic memory reallo 
cation method of the present system, a simulated buffer pool 
extension (SBPX) is created for each buffer pool in a set of 
buffer pools to simulate the effect of extending the buffer 
pool by a selected amount of memory. The SBPX stores 
representations of data (e.g., representations of memory 
pages) that uniquely identify, but are preferably substantially 
smaller than, the data stored in the buffer pool. 

[0018] During system operation, When space for neW data 
is needed in a buffer pool a primary victimiZation scheme 
victimiZes data from the buffer pool and represents it in the 
associated SBPX. This simulates the effect that an actual 
buffer pool extension Would have (i.e., the victimiZed data 
Would not yet be victimiZed from the buffer pool). The 
primary victimiZation scheme may select the least recently 
used (LRU) data in the buffer pool for victimiZation. 

[0019] If space is needed in the SBPX for the data repre 
sentation, a secondary victimiZation scheme removes data 
representations therefrom. The secondary victimiZation 
scheme matches or closely approximates the primary vic 
timiZation scheme to effectively simulate the extension of 
the buffer pool. 

[0020] During system operation, a tally of “saved misses”, 
i.e., cases in Which desired data is not found to be resident 
in the buffer pool but is found to be represented in the 
associated SBPX, is maintained for each buffer pool. Each 
saved miss represents a case in Which an actual buffer pool 
extension of the simulated siZe Would have avoided the need 
to access secondary storage to retrieve the desired data and 
Would therefore have improved system ef?ciency. 

[0021] Periodically, the tallied saved misses are used to 
compute, for each buffer pool, an expected ef?ciency bene?t 
that Would likely be realiZed by extending the buffer pool as 
simulated. The expected ef?ciency bene?t assumes that 
future data access patterns are comparable to the access 
patterns yielding the current saved miss tallies. The expected 
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ef?ciency bene?t may be an estimate of the time that Would 
be saved due to the expected reduction in the number of 
memory page misses. 

[0022] Once the expected ef?ciency bene?ts for all the 
buffer pools have been computed, memory is reallocated 
among buffer pools according to the “greedy” goal satisfac 
tion algorithm described in J. Chung et al, “Goal Oriented 
Dynamic Buffer Pool Management for Database Systems”, 
in the International Conference of Engineering of Complex 
Computer Systems, 1995, (referred to herein as the “greedy 
memory reallocation algorithm”). 

[0023] More speci?cally, an amount of reallocatable 
memory (i.e., memory that may be either removed from or 
added to a buffer pool) is designated for each buffer pool. 
This amount of reallocatable memory may be expressed in 
terms of a number of reallocatable memory pages. There 
after, the buffer pool With the loWest expected ef?ciency 
bene?t With reallocatable memory remaining transfers 
memory to the buffer pool With the greatest expected ef? 
ciency bene?t With reallocatable memory remaining, until 
one or the other (or both) exhausts (i.e., reallocates) all of its 
reallocatable memory. 

[0024] This is repeated until all reallocatable memory has 
been reallocated, until only one buffer pool With reallocat 
able memory remains, or until the bene?t of resiZing is 
outWeighed by the cost of resiZing. The bene?t of resiZing is 
outWeighed by the cost of resiZing When all buffer pools With 
remaining reallocatable memory have substantially the same 
expected ef?ciency bene?t such that the potential bene?t of 
any additional memory page transfers is eliminated. At this 
point, the memory reallocation algorithm converges. 

[0025] Once the algorithm has converged, the saved miss 
counters are reset, the tallying of saved misses begins aneW, 
and the process is repeated. Memory reallocation occurs 
periodically throughout the system’s operation (e.g., at ?xed 
time intervals). 

[0026] Advantageously, dynamic memory reallocation 
according to this method adapts the buffer pool siZes to 
actual memory access patterns regardless of Whether those 
patterns folloW statistically projected distributions. The 
method is thus capable of adapting the buffer pool memory 
allocation to unforeseen or unanticipated system events. 

[0027] Moreover, because memory reallocation is per 
formed automatically at run time, there is typically no need 
for a user to suspend or terminate the associated executing 
application to adjust a desired performance goal. In addition, 
extensions of lesser ef?cacy may be avoided because the 
expected bene?t of each simulated buffer pool extension 
may be determined Without the need to actually extend the 
buffer pools. 

[0028] Optionally, the effects of extending a buffer pool by 
different amounts of memory may be assessed simulta 
neously. This may be performed using multiple SBPXs per 
buffer pool or a single SBPX per buffer pool. For each buffer 
pool, the pool extension siZe providing the maximum 
expected ef?ciency bene?t may be selected. 

[0029] In accordance With an aspect of the present system 
there is provided a method for autonomically optimiZing 
memory distribution among buffer pools in a data processing 
system. For each buffer pool, this method of the present 
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system stores representations of data victimized from the 
buffer pool in an associated simulated buffer pool extension 
(SBPX), the data representations being smaller than the 
victimized data. In addition, for each buffer pool, this 
method of the present system tallies requests for data that is 
not resident in the buffer pool but is represented in the 
associated SBPX. 

[0030] In accordance With another aspect of the present 
system there is provided a simulated buffer pool extension 
data structure including at least one representation of data 
victimiZed from a buffer pool; this data representation 
uniquely identifying, and being smaller than, the data. 

[0031] In accordance With yet another aspect of the 
present system there may be provided a data product includ 
ing a data processing system readable medium having 
system programmed instructions embodied therein for 
directing a data processing system to implement the above 
described method. 

[0032] In accordance With yet another aspect of the 
present system there may be provided a data processing 
system having a processor operationally coupled to memory 
for storing processor readable and executable instructions 
for directing said data processing system to undertake the 
above described method. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0033] The various features of the present invention and 
the manner of attaining them Will be described in greater 
detail With reference to the folloWing description, claims, 
and draWings, Wherein reference numerals are reused, Where 
appropriate, to indicate a correspondence betWeen the ref 
erenced items, and Wherein: 

[0034] FIG. 1 is a schematic illustration of an exemplary 
operating environment in Which an autonomic reallocation 
of memory among buffer pools system of the present inven 
tion can be used; 

[0035] FIG. 2 is a diagram illustrating buffer pools and 
associated data structures used by the data processing sys 
tem of FIG. 1 for memory reallocation; 

[0036] FIG. 3 is a diagram illustrating an exemplary 
buffer pool of FIG. 2 in greater detail; 

[0037] FIG. 4 is a diagram illustrating an exemplary 
memory page that may be stored in the buffer pool of FIG. 

a 

[0038] FIG. 5 is a diagram illustrating an exemplary 
simulated buffer pool extension (SBPX) of FIG. 2 in greater 
detail; 

[0039] FIG. 6 is a diagram illustrating an exemplary 
memory page representation (MPR) Which may be stored in 
the SBPX of FIG. 5; 

[0040] FIG. 7 comprises FIGS. 7A, 7B and 7C, and 
illustrates exemplary buffer pools and associated data struc 
tures of the data processing system of FIG. 1 before, during, 
and after (respectively) an exemplary memory reallocation; 

[0041] FIG. 8 comprises FIGS. 8A, 8B and 8C, and 
illustrates in the form of tables various data that are used by 
the data processing system of FIG. 1 to determine the 
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manner in Which memory Will be reallocated and shoWing 
the effect of an exemplary memory reallocation; 

[0042] FIG. 9 is a process flow chart illustrating an 
method of operation for victimiZing a memory page from a 
buffer pool performed by the data processing system of FIG. 

a 

[0043] FIG. 10 is a process flow chart illustrating a 
method of operation for handling a memory page miss in a 
buffer pool performed by the data processing system of FIG. 
1 in accordance With a primary victimiZation scheme; 

[0044] FIG. 11 is a process flow chart illustrating a 
method of operation for reallocating memory among mul 
tiple buffer pools that is periodically performed by the data 
processing system of FIG. 1; 

[0045] FIG. 12 is a diagram illustrating buffer pools and 
other data structures of an alternative embodiment of the 
present invention having multiple SBPXs per buffer pool; 

[0046] FIG. 13 is a table illustrating various data that is 
used by the alternative embodiment of FIG. 12 for deter 
mining the manner in Which memory Will be reallocated; 
and 

[0047] FIG. 14 is a process flow chart illustrating a 
method of operation for reallocating memory among mul 
tiple buffer pools that is periodically performed for the 
alternative embodiment of FIG. 12. 

DETAILED DESCRIPTION OF PREFERRED 
EMBODIMENTS 

[0048] The folloWing de?nitions and explanations provide 
background information pertaining to the technical ?eld of 
the present invention, and are intended to facilitate the 
understanding of the present invention Without limiting its 
scope: 

[0049] API: Application Program Interface, a language 
and message format used by an application program to 
communicate With the operating system or some other 
control program such as a database management system 
(DBMS) or communications protocol. 

[0050] SQL: Structured Query Language, a standardiZed 
query language for requesting information from a database. 

[0051] An embodiment of the present invention provides 
an autonomic method for directing a data processing system 
to autonomically optimiZe memory distribution betWeen 
data caches (also knoWn as buffer pools). For example, the 
method may be used in a database system stored in the 
memory of the data processing system. This database system 
may include a Database Management System (DBMS) and 
a database. 

[0052] Another embodiment of the present invention pro 
vides a data processing system for autonomically optimiZing 
memory distribution betWeen data caches (also knoWn as 
buffer pools). For example, the data processing system may 
be used for the implementation of a database system stored 
in the memory of the data processing system. This database 
system may also include a Database Management System 
(DBMS) and a database. 

[0053] Another embodiment of the present invention pro 
vides a data processing product (such as a computer program 
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product) having a data processing system readable medium 
for storing system executable instructions for directing a 
data processing system to autonomically optimiZe memory 
distribution betWeen data caches (also knoWn as buffer 
pools). For example, the data processing product may be 
used to implement a database system stored in the memory 
of the data processing system. This database system may 
also include a Database Management System (DBMS) and 
a database. 

[0054] An autonomic system is self-controlling and is 
functionally independent; that is, an autonomic system oper 
ates Without the need for external or manual stimuli that may 
be provided by database administrators to govern its daily 
operation. The embodiment of the invention can be used in 
a database system to distribute or redistribute memory as 
Will be described beloW. 

[0055] When human administrators manually perform the 
tasks of memory distribution and memory redistribution, the 
effectiveness of these tasks depends heavily on the level of 
skill of any one particular human administrator; thus, opti 
mal performance of a database may not be achieved in a 
consistent manner. The present invention responds to 
changes in the use of the database system in a dynamic or 
autonomic manner. For example, the database may be used 
differently during Weekday operations than during Weekend 
operations. 

[0056] The embodiment of present invention provides 
adaptive control for sensing the change in operational use of 
data caches in order to optimiZe toWards current system use 
of these data caches. Adjustment of data caches becomes a 
self-optimiZing feature of the system. 

[0057] FIG. 1 illustrates a data processing system 10 (also 
knoWn as a computer system or a computing device) for 
executing an exemplary autonomic method (via data pro 
cessing instructions stored on a readable medium) to direct 
the system autonomically optimiZe memory distribution 
betWeen data caches (also knoWn as buffer pools). For 
example, such a method may be used in a database system 
(Which may include a Database Management System 
(DBMS) and a database) stored in the memory of the data 
processing system. System 10 includes a softWare program 
ming code or computer program product that is typically 
embedded Within, or installed on a computer. Alternatively, 
system 10 can be saved on a suitable storage medium such 
as a diskette, a CD, a hard drive, or like devices. 

[0058] As illustrated, data processing system 10 comprises 
a single computing device 12. Computing device 12 is a 
conventional computing device including volatile memory 
17 (e.g., RAM), non-volatile memory 19 (e.g., a set of hard 
drives), and a processor (not shoWn). The volatile memory 
17, non-volatile memory 19 and processor are capable of 
intercommunication in a conventional manner. Non-volatile 
memory 19 may alternatively be referred to as secondary 
storage 19. 

[0059] Volatile memory 17 stores an executing database 
management system (DBMS) 14 and application 15. DBMS 
14 may be a conventional DBMS, such as DB2® from 
IBM® or SQL ServerTM from Microsoft® for example, that 
has been con?gured or modi?ed to implement the autonomic 
method of an embodiment of the present invention in the 
manner described herein. It Will be appreciated that refer 
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ences to “dynamic memory reallocation method” in the 
description of the embodiments of the present invention Will 
be understood to refer to the autonomic method of the 
present invention. The DBMS 14 includes multiple buffer 
pools (not shoWn in FIG. 1) for storing memory pages that 
are utiliZed by the application 15. 

[0060] The application 15 is a softWare application that 
accesses data stored in a database by Way of the DBMS 14 
using API calls, such as SQL statement invocations for 
example. The application 15 may be an airline ticket reser 
vation client application or similar application. 

[0061] Non-volatile memory 19 stores a database 16 that 
is accessed by Way of the DBMS 14. The database 16 stores 
data used by the application 15 (Which in the present 
example may comprise airline ticket reservations). In the 
present embodiment, the database 16 is a relational database. 
HoWever, in alternative embodiments, database 16 may be 
any other type of conventional database, such as a ?at-?le 
database. 

[0062] The DBMS 14, database 16, and application 15 
may be loaded from a computer program product having a 
readable medium, such as a removable optical or magnetic 
disk 18. 

[0063] FIG. 2 illustrates various data structures that form 
part of the DBMS 14 of FIG. 1. In particular, FIG. 2 
illustrates a set of six buffer pools 702, six simulated buffer 
pool extensions (SBPXs) 704, and six “saved miss” counters 
706. The illustrated data structures are all understood to be 
resident in volatile memory 17, and forms part of the DBMS 
14. 

[0064] Buffer pools 702 are areas of volatile memory 17 
used to store memory pages containing data that is presently 
being accessed, has recently been accessed, or is likely to be 
accessed in the near future by the application 15 (FIG. 1). 
The set of buffer pools 702 of the present embodiment 
comprises six buffer pools 710, 712, 714, 716, 718 and 720. 
It Will be appreciated that alternative embodiments may 
employ a greater or lesser number of buffer pools. In a 
typical DBMS application, the number of buffer pools may 
be ten or feWer. 

[0065] Simulated buffer pool extensions (SBPXs) 704 are 
areas of volatile memory 17 that are used to simulate the 
effect of extending the buffer pools 702 by a selected amount 
of added storage capacity. Each buffer pool 710, 712, 714, 
716, 718 and 720 of the set of buffer pools 702 has a single 
associated SBPX 730, 732, 734, 736, 738 and 740 (respec 
tively). The latter SBPXs cumulatively form the set of 
SBPXs 704. Each SBPX stores representations of memory 
pages that have been victimiZed from the associated buffer 
pool (and Which, in the absence of the SBPX, Would exist 
only in secondary storage 19). The capacity of each SBPX 
(i.e., maximum number of MPRs) may exceed the capacity 
of the associated buffer pool (i.e., maximum number of 
memory pages). MPR means “memory page representa 
tions”. 

[0066] “Saved miss” counters 706 are used to count 
“saved misses” Which occur in the buffer pools 702 and 
SBPXs 704. A “saved miss” is a memory page miss in a 
buffer pool Where the desired page is found to be represented 
in the associated SBPX. Each “saved miss” represents a 




















